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Small heat shock proteins (sHsps) associate with aggregated proteins, changing their physical prop-
erties in such a way that chaperone mediated disaggregation becomes much more efﬁcient. In Esch-
erichia coli two small Hsps, IbpA and IbpB, exist. They are 48% identical at the amino acid level, yet
their roles in stabilisation of protein aggregates are quite distinct. Here we analysed the biochemical
properties of IbpA. We found that IbpA assembles into protoﬁlaments which in turn form mature
ﬁbrils. Such ﬁbrils are atypical for sHsps. Interaction of IbpA with either its cochaperone IbpB or
an aggregated substrate blocks IbpA ﬁbril formation.
Structured summary:
MINT-7876715: ibpA (uniprotkb:P0C054) and ibpA (uniprotkb:P0C054) bind (MI:0407) by molecular siev-
ing (MI:0071)
MINT-7888427: ibpB (uniprotkb:P0C058) and ibpB (uniprotkb:P0C058) bind (MI:0407) by molecular siev-
ing (MI:0071)
MINT-7888448: ibpA (uniprotkb:P0C054) and ibpA (uniprotkb:P0C054) bind (MI:0407) by electron
microscopy (MI:0040)
MINT-7888434: ibpB (uniprotkb:P0C058) and ibpB (uniprotkb:P0C058) bind (MI:0407) by electron micros-
copy (MI:0040)
MINT-7888459: ibpA (uniprotkb:P0C054) and ibpA (uniprotkb:P0C054) bind (MI:0407) by ﬂuorescence
microscopy (MI:0416)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Small heat shock proteins (sHsps) are widely distributed in both
prokaryotes and eukaryotes. Members of this diverse protein fam-
ily are characterised by a low molecular mass (15–43 kDa) and a
conserved stretch of approximately 100 amino acids residues. This
domain displays sequence similarity to the vertebrate protein
a-crystallin and therefore is called the a-crystallin domain
(reviewed in [1–3]). It has been proposed that sHsps associate with
the polypeptides aggregating in heat stress conditions, thus
changing their biochemical properties such that the subsequent
Hsp100–Hsp70 mediated disaggregating process becomes much
more efﬁcient [4–7].chemical Societies. Published by E
ek).The Escherichia coli small heat shock proteins IbpA and IbpB
were initially identiﬁed as proteins associated with inclusion
bodies (inclusion body associated protein) [8], and later shown to
be present in aggregates formed by heat shock [9]. Deletion of
the ibpA and ibpB genes results in decreased viability manifested
during prolonged growth at extreme temperatures and correlates
with the increase in intracellular protein aggregation [10]. When
deletion of ibpA and ibpB is combined with the deletion of clpB or
downregulation of dnaK expression, the phenotype is manifested
at lower temperatures [11]. Recently, it has been shown that IbpA
and IbpB also participate in the defense against copper-induced
stress under aerobic conditions [12].
IbpA and IbpB proteins possess 48% identity at the amino acid
level [13], yet their role in disaggregation of protein aggregates
was shown to be quite distinct [7]. We recently reported that the
presence of IbpA during heat denaturation is sufﬁcient to change
the macroscopic properties of aggregates, yet this alone does notlsevier B.V. All rights reserved.
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reactivation of such aggregated polypeptides. IbpB is required to
increase the efﬁciency of Hsp100–Hsp70 mediated disaggregation
and refolding [7].
IbpB has been puriﬁed and studied previously [14]. It forms 2–
3 MDa polydisperse oligomers, which upon exposure to high tem-
perature dissociate into smaller structures [14,15]. Incubation of
IbpB at high temperature stimulates its chaperone activity [15].
It was also suggested that such heat-activated IbpB retains its
chaperone activity for an extended period of time [16].
Until now, no detailed studies of the biochemical and chaperone
properties of IbpA have been performed. IbpA was only shown to
form high molecular weight species and exhibit a limited protec-
tive effect on several tested substrate proteins subjected to thermal
or oxidative stress [17]. We set out to analyse the biochemical
properties of IbpA to compare them with those of IbpB.2. Materials and methods
2.1. Protein puriﬁcation
Published protocols were used for the puriﬁcation of E. coli IbpA
and IbpB [18].
Protein concentrations were determined with the Bio-Rad
Protein Assay (based on the Bradford method) using bovine serum
albumin as a standard. Molar concentrations are given assuming a
monomeric structure for the proteins. Puriﬁed ﬁreﬂy luciferase
(QuantiLum Recombinant Luciferase, cat. no. E 1702) was pur-
chased from Promega.
2.2. Size-exclusion chromatography
IbpA and IbpB were injected onto a Sepharose Cl-4B (Pharma-
cia) column (0.5  15 cm), equilibrated with buffer (50 mM
Tris–HCl pH 7.4, 150 mM KCl, 20 mM magnesium chloride, 2 mM
dithiothreitol). Chromatography was carried out at room tempera-
ture. The fractions (200 ll) were collected and the proteins present
in these fractions were analysed by SDS–PAGE and western-blot-
ting using anti-IbpA or anti-IbpB polyclonal rabbit antibodies. Pro-
teins which remained at the top of the column were released by
boiling the upper layer of resin (R) in Laemmli buffer. Size-exclu-
sion chromatography at high temperature (46 C) was performed
on a TSK G2000SWXL (Tosoh Bioscience) column (7.8  300 mm)
at 0.4 ml/min in the same buffer as above.
2.3. Electron microscopy
To determine the morphology of the protein, IbpA (2 lM) was
incubated for 10 min at 48 C in buffer (50 mM Tris–HCl pH 7.4,
150 mM KCl, 20 mM magnesium acetate, 5 mM dithiothreitol)
alone, with IbpB (7.8 lM), or with luciferase (1.5 lM), as indicated.
In the experiment described in Fig. 2, fractions containing IbpA,
isolated following cell fractionation by ultracentrifugation in a su-
crose density gradient, were diluted 10 in the same buffer. Subse-
quently, the samples were applied to carbon-coated copper grids.
After allowing the proteins to adsorb for 2 min, excess solution
was removed with ﬁlter paper. Grids were negatively stained with
1.5% (w/v) uranyl acetate for 20 s. Electron micrographs were re-
corded at magniﬁcations as indicated in ﬁgure legends using a Phil-
lips CM 100 transmission electron microscope.
2.4. Fluorescence microscopy
The ﬂuorescent version of protein was constructed by Alexa 488
labelling of IbpA with additional cysteine at the C-terminus (IbpAC138). The gene encoding cysteine variant of IbpA was obtained
by site-directed mutagenesis. Following puriﬁcation, IbpA C138
was labelled with Alexa Fluor-488 (Molecular Probes) according
to the manufacturer’s protocol. Unreacted probe was separated
from the ﬂuorescently labelled IbpA on Sephadex G-25 column.
For microscopic observations, Alexa-labelled IbpA C138 (2 lM)
was incubated for 10 min at 48 C in buffer (50 mM Tris–HCl pH
7.4, 150 mM KCl, 20 mM magnesium acetate, 5 mM dithiothreitol)
alone or with IbpB (7.8 lM). The analysis was performed using an
Olympus BX51 ﬂuorescence microscope with ﬂuorescence cubes
for YFP. Fluorescent images were recorded with F-View-II CCD
camera.
2.5. Isolation of IbpA ﬁbrils in vivo
The E. coli BL21(DE3) DibpAibpB strain transformed with pET-
ibpA, or pET28b+ plasmid was grown at 30 C in LB medium
(100 ml) supplemented with 50 lg/ml kanamycin. For overproduc-
tion of IbpA, 1 mM IPTG was added to the exponentially growing
cultures. After 1 h, cells were collected, converted into sphero-
plasts and lysed by sonication. To separate IbpA ﬁbrils from mem-
branes and soluble proteins, cell lysates (6 ml) were loaded on a
two-step density gradient composed of 1 ml 55% and 5 ml 17%
(w/v) sucrose and centrifuged in a Beckman SW41 rotor at
35 000 rpm for 1.5 h. Pelleted material from the bottom of each
tube was resuspended in 100 ll H2O and examined by SDS–PAGE
and EM.3. Results and discussion
3.1. Puriﬁed IbpA protein forms ﬁbril-like structures in vitro
To analyse the oligomeric state of IbpA, we subjected the puri-
ﬁed protein to size-exclusion chromatography. At room tempera-
ture only a small amount of IbpA was eluted in the void volume
of the column while the majority of the protein did not enter the
chromatography resin and was recovered following boiling of the
resin in SDS-containing buffer (Fig. 1A). As opposed to IbpA, IbpB
was quantitatively eluted in the void volume of a sizing column
under these conditions (Fig. 1A and Refs. [14,15]). Since previously
it was shown that an increase of temperature induces deoligomer-
isation of IbpB [14,15], we decided to perform similar analysis for
IbpA. The analytical column capable of resolving low molecular
mass complexes (5–150 kDa) was thermostated at 46 C and
size-exclusion chromatography of IbpA was performed. Under
such conditions IbpA, similarly to its IbpB cochaperone, deoligo-
merised and eluted quantitatively from the column in the position
characteristic for the dimeric form of the protein (Fig. 1B).
Since it appeared that at room temperature IbpA forms struc-
tures not easily characterised by sizing chromatography, we
decided to analyse the IbpA sample by electron microscopy (EM).
EM revealed that IbpA incubated both at room temperature and
at 48 C forms ﬁbril structures (Fig. 1C). This is in contrast to IbpB,
which was observed by EM to form irregular oligomeric structures
(Fig. 1C and [14]). Lack of any structures other than ﬁbrils in the
48 C IbpA sample, which was cooled to room temperature for
EM sample preparation, suggests that IbpA present at high temper-
ature forms ﬁbrils relatively quickly once the temperature stress is
released. The ﬁbrils were of different length and width (7–50 nm),
hierarchically organised and assembled from several protoﬁla-
ments (Fig. 1C). Under high magniﬁcation (72 000) the ﬁbrils
and protoﬁbrils show a regular ultrastructure (Fig. 1C). In a nega-
tively stained preparation the building block of protoﬁbrils is
approximately 7  4 nm (±1.5 nm) in size. Comparison of the
apparent size of the protoﬁbril building block with the size of the
Fig. 1. IbpA forms ﬁbrils in vitro. (A) IbpA and IbpB behave differently in the sizing chromatography experiment. IbpA and IbpB were incubated at 25 C and subsequently the
sizing chromatography was performed at room temperatures. Proteins in collected fractions were subjected to SDS–PAGE and visualised by western-blotting. Proteins which
remained at the top of the resin (R) were released by boiling the upper part of the resin in Laemmli buffer. (B) Both IbpA and IbpB form dimers at high temperature. IbpA and
IbpB were incubated at 46 C and subsequently size-exclusion chromatography was performed at the same temperature. The column was calibrated with the following Bio-
Rad molecular mass standards: thyroglobulin (670 kDa), bovine c-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17.5 kDa). (C) Representative electron
micrographs of puriﬁed IbpA and IbpB. IbpA (2 lM) or IbpB (7.8 lM) was heat-treated at 48 C for 10 min. Subsequently samples were stained with uranyl acetate and viewed
by EM (nominal magniﬁcation for IbpA: 15 500, upper panel; 40 000, middle panel; and 72 000, lower panel; nominal magniﬁcation for IbpB: 15 500).
Fig. 2. IbpA forms ﬁbrils in vivo. IbpA was overproduced (T). Following lysis, total
cell lysates were sedimented through two-step sucrose density gradients. Pelleted
material from the bottom of the tube (P) was resuspended and stained with uranyl
acetate and analysed by EM (nominal magniﬁcation 28 500).
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structure of the oligomer (1SHS; Ref. [19]) (approximately
6.5  2  3 nm), suggests that IbpA dimers constitute the building
blocks of protoﬁbrils.
We additionally veriﬁed the formation of IbpA ﬁbrils using a
different experimental approach. We engineered and puriﬁed IbpA
with additional cysteine at C-terminus. The puriﬁed protein was
labelled with ﬂuorescent dye Alexa 488 and the samples were ob-
served under ﬂuorescence microscope. The IbpA ﬁbrilic structures
were clearly visible (Fig. 3B). Incubation of IbpA at high tempera-
ture and subsequent observation under the microscope revealed
that ﬁbrilic structures were already present after approximately
1 min preparation time between the withdrawal of the sample
from the heating block and microscopic observation (result not
shown).
3.2. IbpA forms ﬁbrils in vivo
IbpA puriﬁcation requires an urea denaturation step. The puri-
ﬁed protein possesses chaperone activity yet such treatment may
potentially change the biochemical properties of the isolated pro-
tein. Therefore, we asked if IbpA ﬁbrils are also present inside
the E. coli cell. IbpA was overproduced at 30 C and the cell lysate
was immediately loaded onto the top of a two-step gradient. The
fraction of cellular content that sedimented through the 55% (w/
v) sucrose cushion to the bottom of the tube was isolated and
analysed by EM. We easily detected ﬁbril structures in the fraction
Fig. 3. Interaction between IbpA and IbpB blocks the formation of IbpA ﬁbrils. (A)
Representative electromicrographs of negatively stained complexes between IbpA
and IbpB. IbpA (2 lM) was heat-treated in the absence (upper panel) or presence of
IbpB (7.8 lM) at 48 C for 10 min (middle panel). In the control experiment (bottom
panel), indicated proteins were incubated separately as above. Afterwards, the
samples were cooled and combined together at room temperature. Nominal
magniﬁcation, 15 500. (B) Representative ﬂuorescent images of Alexa 488 labelled
IbpA (2 lM) incubated in the absence (upper panel) or presence of IbpB (7.8 lM) at
48 C for 10 min (middle panel). In the control experiment (bottom panel),
indicated proteins were incubated separately in the above conditions. Afterwards,
the samples were cooled and combined together at room temperature.
Fig. 4. Interaction between IbpA and denatured luciferase inhibits the ﬁbril
formation. Representative electromicrographs of negatively stained IbpA heat-
treated with luciferase. Luciferase (1.5 lM) was thermally inactivated (48 C,
10 min) in the absence or presence of IbpA (2 lM), as indicated. In the control
experiment (bottom panel), luciferase and IbpA were incubated separately as above
and afterwards, the samples were cooled and combined together at room
temperature. Nominal magniﬁcation, 15 500.
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control cells carrying the empty vector (Fig. 2) or cells expressing
IbpB (result not shown). The observed ﬁbrils were thinner and
shorter than ﬁbrils formed by puriﬁed IbpA. The fraction contain-
ing the ﬁbril structures was also very viscous as compared to the
analogous fraction isolated from the control cells. From these
experiments we conclude that both puriﬁed and overproduced
IbpA form ﬁbrils.
The observed ﬁbril structures are atypical for sHsps oligomeric
structures. The oligomeric structures previously observed for other
sHsps were shown to be different types, either polydisperse as for
IbpB, or monodisperse of deﬁned structure as for Hsp16.5 and
Hsp16.9 [14,19,20]. Until now, only puriﬁed Hsp19.7 from thermo-
acidophilic crenarchaeon Sulfolobus tokodaii has been reported to
form ﬁlamentous structures, yet no interaction with the substrate
and no chaperone activity was found for this sHsp [21]. Similar
organisation into ﬁbrils was reported for a-, b- and c-crystallins,
however, in contrast to IbpA, this requires the presence of a speciﬁc
mutation in crystallin or incubation under mild denaturing condi-
tions for ﬁbril formation [22–24].
IbpA ﬁbrils do not share the characteristics of an amyloid type
ﬁbrils since no increase in the ﬂuorescence of thioﬂavin T, an indi-
cator dye for crossed b-sheet structures, was observed as opposedto the control Sup35 yeast prion protein (result not shown). Also,
no binding of Congo red to IbpA ﬁbrils was observed. These exper-
iments, and the fact that incubation at high temperature leads to
the deoligomerisation of IbpA into dimers, suggest that IbpA ﬁbrils
are linear agglomerates of IbpA dimers.
3.3. Interaction with IbpB or substrate protein blocks the ﬁbrilisation
process
IbpA is designed to interact both with partially unfolded aggre-
gating substrates and its partner IbpB. We decided to analyse how
these interactions inﬂuence the ﬁbrilisation process. First, for this
purpose, we incubated IbpA with IbpB and then analysed by EM.
When we heat-treated IbpA with IbpB at 48 C, ﬁbril structures
were not detected. In contrast, when the incubation temperature
was decreased to 25 C, we observed ﬁbrils of IbpA (Fig. 3A), even
though both IbpA and IbpB were preincubated separately at high
temperature, before mixing and ﬁnal incubation at 25 C
(Fig. 3A). Similar results were obtained when IbpA labelled with
Alexa 488 was incubated in the presence of IbpB and observed un-
der ﬂuorescence microscope (Fig. 3B). Both experimental ap-
proaches show that at high temperature, when deﬁbrilisation of
IbpA and deoligomerisation of IbpB occur, these proteins interact,
consequently blocking the formation of IbpA ﬁbrils.
Secondly we analysed the inﬂuence of luciferase, well deﬁned
IbpA substrate on IbpA ﬁbrilisation properties. When luciferase
was heat denatured alone at 48 C, this resulted in the formation
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luciferase in the presence of IbpA inhibited the IbpA ﬁbril forma-
tion and resulted in the formation of a different type of aggregate.
Not only were the aggregates much smaller, but they also resem-
bled oligomeric structures and showed negative staining with ura-
nyl acetate typical of proteins (Fig. 4). In a control experiment we
showed that when IbpA and luciferase were heated separately at
48 C and then mixed together after cooling to room temperature,
the size and morphology of both IbpA ﬁbrils and luciferase aggre-
gates were similar to observed for IbpA and luciferase heat-treated
separately (Fig. 4).
Our results show that efﬁcient IbpA deﬁbrilisation requires
incubation at high temperature in the presence of IbpB and/or sub-
strate. This suggests that IbpA possesses at least comparable afﬁn-
ity to IbpB and/or substrate as to itself. If that was not the case, we
would expect the ﬁbrils to form again efﬁciently following a de-
crease of the temperature.
Previous in vivo studies deﬁned that IbpA associates more read-
ily with substrates than IbpB [10,25]. Our results indicate the
strong tendency of heat-activated IbpA to interact with substrate
proteins and/or its cochaperone partner IbpB. When the substrate
protein and/or the IbpB partner are missing, molecules of IbpA
interact with each other and the ﬁbrilisation process is triggered.
IbpA dimers assemble into protoﬁlaments, which in turn form ma-
ture ﬁbrils as shown in Fig. 1. In our opinion the ﬁbrils of IbpA rep-
resent an inactive, inert form of this chaperone.
In summary, this study shows that the IbpA protein, in contrast
to its cochaperone partner, forms a ﬁbril structure atypical for
other sHsps. Interaction of IbpA with both cochaperone partner
IbpB and aggregating polypeptide substrate blocks IbpA ﬁbril
formation.
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